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Quantum communications with time-bin entangled photons:
long distance quantum teleportation and quantum repeaters
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Using 2 km of standard telecom optical fibres, we teleport qubits carried by photons of 1.3 µm
wavelength to qubits in another lab carried by a photons of 1.5 µm wavelength. The photons to be
teleported and the necessary entangled photon pairs are created in two different non-linear crystals.
The measured mean fidelity is of 81.2%. We discuss how this could be used as quantum repeaters
without quantum memories.
I. INTRODUCTION
Long distance quantum communication in optical
fibers should exploit the standard and widely installed
telecom fibers. This standard imposes the wavelength
(either around 1300 nm, or around 1550 nm). It does
also strongly suggest that polarization encoding is not
the optimal choice. Indeed, polarization effects in tele-
com fibers fluctuate on a time scale from ms to tens of
minutes for aerial and underground cables, respectively.
These unavoidable fluctuations require active feedback
and/or compensation schemes. An alternative consists
in encoding the qubits in time-bins. Time-bin qubits
have already been used for quantum cryptography[1], for
the production of non-maximally entangled qubits[2] and
to encode quantum states in higher dimensional Hilbert
spaces[3]. In this contribution we present the results of
an experimental demonstration of long distance quan-
tum teleportation, using time-bin qubits. In section III
we present a potential application of quantum teleporta-
tion as ”quantum repeaters without quantum memory”.
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FIG. 1: Preparation and measurement of time bin qubits
Figure 1 presents a general preparation and measure-
ment scheme for time-bin qubits[4]. In principle, any
state can be deterministically prepared and ideal mea-
surements in any basis performed. In practice, however,
the switches are replaced by passive couplers, hence in-
duce 50% loss. Also, in our experiment we replaced the
variable coupler either by a passive coupler (correspond-
ing to a coupling ratio of 50%), or by fibers of appro-
priate lengths (corresponding to 0% and 100% coupling
ratios)??.
II. QUANTUM TELEPORTATION
Our experiment is schematically presented on Fig. 2.
For a general introduction to quantum teleportation and
previous experiments, we refer to[6, 7, 8, 9, 10].
A mode locked Ti:Sapphire laser produces 150 fs pulses
at λ = 710 nm. The laser beam is split into two
parts. The transmitted beam is used to create entan-
gled time-bin qubits (EPR source) by passing the beam
first through an unbalanced bulk Michelson interferome-
ter with optical path-length difference ∆τ = 1.2 ns and
then through a type I non-linear crystal (LBO) where en-
tangled non-degenerate collinear time-bin qubits at tele-
com wavelengths (1310 and 1550 nm) are created. The
pump light is removed with a silicon filter (SF) and the
twin photons are collimated into an optical fibre and
separated by a wavelength-division-multiplexer (WDM).
The 1310 nm photon is then sent to Charlie and its twin
1550nm photon to Bob. The entangled state is described
by |1, 0〉Charlie⊗|1, 0〉Bob+ |0, 1〉Charlie⊗|0, 1〉Bob, where
|1, 0〉 and |0, 1〉 represents the first and second time-bin,
respectively.
The reflected beam is used to create the qubits to be
teleported. Similar to the creation of the entangled pairs,
the beam is focussed into a LBO crystal creating pairs
of photons at 1310 nm and 1550 nm wavelengths. Af-
ter blocking the pump light and coupling the photon
pairs into an optical fibre, the 1550 nm photon is re-
moved using a WDM. Alice passes the 1310 nm photon
through a qubit preparation device, thereby creating a
state |ψAlice〉 = a0|1, 0〉 + a1eiα|0, 1〉, where a0 = 0, 1 or
1/
√
2 and a20 + a
2
1 = 1. Alice’s qubit is finally sent to
Charlie. Charlie performs the joint Bell-state measure-
ment between the qubit sent by Alice and his part of
the pair, with the 50/50 fibre coupler BS. We select only
the projection onto the singlet entangled state |ψ(−)〉 =
|1, 0〉Alice ⊗ |0, 1〉Charlie − |0, 1〉Alice ⊗ |1, 0〉Charlie. This
takes place when the two photons trigger the detectors la-
belled C1 and C2 on Fig. 2 at times that differ precisely
by the time difference ∆τ between two time-bins. De-
tectors C1 and C2 are a LN2 cooled passively quenched
Ge avalanche photodiode (APD) and a Peltier cooled In-
GaAs APD respectively[11]. Bob is situated in another
lab, 55 m away from Charlie. To simulate a longer dis-
2FIG. 2: Experimental setup
tance we added 2 km of optical fibre before the teleported
photon reaches Bob’s analyser.
The quality of the teleportation is usually reported in
terms of fidelity F¯ , i.e. the probability that Bob’s qubit
successfully passes an analyser testing that it is indeed in
the state ψAlice prepared by Alice, averaged over all pos-
sible ψAlice. The linearity of quantum mechanics implies:
F¯ =
∫
〈ψAlice|ρBob|ψAlice〉dψAlice = 2
3
Fequator +
1
3
Fpole
(1)
where Fequator and Fpole, are the fidelities averaged only
over the states corresponding to the equator and the poles
of the Poincare´ sphere, respectively.
FIG. 3: Teleportation of equatorial states. Open circles are
4-fold coincidences (3 photons + laser clock), i.e detection of
Bob’s photon conditioned on a successful Bell measurement.
Black squares are 3-fold coincidences (Photons C1+B+ laser
clock). They should remain constant, since they contains no
information about the Bell measurement
In our experiment we measured Fpole directly, by
preparing and measuring each of the two corresponding
states: Fpole = (82.5±3)%. In order to measure Fequator ,
we prepared various states, using a 50/50% coupler with
various phases α, and for each scanned the analyzing
interferometer’s phase β. From the raw visibility Vraw
one obtains the fidelity F = 1+Vraw2 . Typically, we ob-
tain Fequator = (80.5± 2.5)%(Fig. 3a), with best results
achieving values up to (85 ± 2.5)% (Fig. 3b). Accord-
ingly, the measured fidelity, averaged over all possible
states ψAlice equals F¯ = (81.2± 2.5)%.
III. QUANTUM REPEATERS WITHOUT
QUANTUM MEMORIES
Generally, quantum channels are lossy, hence the prob-
ability that a single photon sent by Alice reaches Bob
decreases with distance. Because of the no-cloning theo-
rem, there is no way to merely amplify the signal. With
noise-free detectors, the attenuation would only affect the
bit rate, and protocols like quantum cryptography would
provide secure keys for arbitrary distances. However, re-
alistic detectors have a finite probability of dark counts
(around 10−4 per ns for InGaAs APDs[11]). This noise
is independent of the distance, hence there is a limiting
distance after which the signal becomes smaller than the
noise. In a series of papers, H. Briegel and co-workers[12]
have shown that the appropriate use of entanglement pu-
rification and of quantum memories allows one, in princi-
ple, to realize quantum repeaters which would extend the
range of quantum cryptography to unlimited distances,
with only a polynomial increase of repeater stations. This
is a promising line of research for experimental physics,
but it is only fair to say that it will remain a research
topic for the years to come.
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FIG. 4: Net count rate as a function of the distance when
Alice is directly connected to Bob (n=1) and in the case of
teleportation (n=3)
However, without quantum memories and using only
near future technologies (like the ones presented in this
contribution), there are ways to extends the distances
over which secret quantum keys can be distributed, al-
though not to unlimited distances[13, 14, 15]. Assume
that Alice and Bob are connected by a quantum commu-
nication channel with transmission coefficient t. Denote
η the photon counting detector’s efficiency and D the
dark count probability per transmission (i.e. per qubit).
Furthermore, denote C and Q the rates of correctly and
incorrectly detected photons: In good approximation[17],
3we have C = tη, Q = (1 − tη)D. Accordingly, the total
rate of transmission Rraw and the QBER (Quantum Bit
error Rate) read:
Rraw = C +Q QBER =
Q
C +Q
(2)
The net rate Rnet, after error correction and privacy am-
plification, is proportional to the raw rate Rraw with a
coefficient that depends on the QBER [13]. This coef-
ficient is the difference between the Alice-Bob IAB and
the Alice-Eve IAE mutual Shannon informations (or the
Bob-Eve one, if smaller). The exact relation between
IAE and the QBER depends on the exact eavesdropping
model. Our results are essentially independent of the de-
tails, though numerical values may slightly differ. For the
optimal individual attack, IAB − IAE is almost a linear
function of the QBER, hence we use the approximation:
Rnet ≈ Rraw · (1− QBER
15%
) = C − 85
15
Q (3)
With realistic numbers, η = 0.25, D = 10−4, and an at-
tenuation coefficient α = 0.25 dB/km (i.e. t = 10−αL/10,
L = fiber length), this sets an absolute limit for quan-
tum key distribution around 105 km (even with perfect
single photon sources), see Fig. 4. Consider now the
case where the channel is divided into 3 sections, each of
length L/3, i.e. with transmission coefficient t1/3 (Fig.
4), exactly as in a quantum teleportation experiments.
In such a configuration, Bob correctly detects the qubit
whenever all 3 photons make it to their detectors, all 3
detectors click and the Bell measurement is successful,
i.e. C(3) = 12 (t
1/3η)3 = 12 tη
3. The rate of incorrect de-
tections contains three parts[18]: (i) all 3 photons are lost
and there are 3 dark counts, (ii) 2 photons are lost, 1 de-
tected and there are 2 dark counts, (iii) 1 photon is lost,
2 detected and there is one dark count. Accordingly:
Q(3) = (1 − t1/3η)3 ·D3 + 3t1/3η(1 − t1/3η)2 ·D2
+3(t1/3η)2(1− t1/3η) ·D
=
(
t1/3η + (1− t1/3η)D
)3
− tη3 (4)
The corresponding net rate, with the same parameters, is
also displayed on Fig. 4. Clearly, the division of the chan-
nel into 3 trunks and the use of teleportation increases
significantly the maximal distance over which quantum
key distribution is possible. The generalization to di-
visions into n trunks is straightforward. For given pa-
rameters the limiting distance increases with n, up to a
maximum, and then decreases again.
IV. CONCLUDING REMARKS
Objects are constituted by energy and structure (or
matter and form according to Aristotle). In quantum
teleportation one does not teleport neither energy nor
matter. However, the ultimate structure of objects is
indeed teleported from and place to another, without
the object ever being anywhere in between! Admittedly,
teleportation of systems much more complex than a
simple qubit is still elusive. But the teleportation of
qubits could already be useful for quantum cryptog-
raphy, though much effort still have to be devoted to
improve the results of this first long distance realization,
especially the stability of the experimental scheme.
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